Results are presented from two series of ad-hoc experimental programmes using the Cone Calorimeter to 7 investigate the burning behaviour of charring closed-cell polymeric insulation materials, specifically 8 polyisocyanurate (PIR) and phenolic (PF) foams. These insulation materials are widely used in the 9 construction industry due to their relatively low thermal conductivity. However, they are combustible in 10 nature; therefore, their fire performance needs to be carefully studied, and characterisation of their thermal 11 degradation and burning behaviour is required in support of performance-based approaches for fire safety 12 design. The first series of experiments was used to examine the flaming and smouldering of the char from 13 PIR and PF. The peak heat release rate per unit area was within the range of 120 to 170 kW·m -2 for PIR 14 and 80 to 140 kW·m -2 for PF. The effective heat of combustion during flaming was within the range of 13 15 to 16 kJ·g -1 for PIR and around 16 kJ·g -1 for PF, while the CO/CO2 ratio was within 0.05 to 0.10 for PIR 16 and 0.025 to 0.05 for PF. The second experimental programme served to map the thermal degradation 17 processes of pyrolysis and oxidation in relation to temperature measurements within the solid-phase under 18 constant levels of nominal irradiation. Both programmes showed that surface regression due to smouldering 19 was more significant for PF than PIR under the same heat exposure conditions, essentially because of the 20 different degree of overlap in pyrolysis and oxidation reactions. The smouldering of the char was found to 21 self-extinguish after removal of the external heat source. 22
Introduction 26
Stringent requirements for energy efficiency are driving a trend towards the more widespread use of 27 insulation materials in the built environment. Several types of insulation materials, which are able to meet 28 the multiple design criteria often required for buildings, can be found in the market. A typical classification 29 for insulation materials in the European market, proposed by Papadopoulos et al. [1] , distinguishes four 30 main groups: (1) inorganic materials such as foams or fibrous materials, (2) organic materials such as 31 expanded foams or fibrous materials, (3) combined materials, and (4) new technology materials. Expanded 32 organic foams such as closed-cell rigid polyisocyanurate (PIR) and phenolic foam (PF) are common 33 combustible insulation materials that are increasingly being used for the design of energy-efficient buildings 34 due to their relatively low thermal conductivity, low density, good durability and ease of installation [2] . 35
These factors, in conjunction with the requirement for lower thermal transmittances in building assemblies 36
[3], lead to these materials increasingly being a preferred option for design. 37
Fire hazards from combustible insulation 38
The increase in production and extended usage of combustible materials in buildings such as closed-39 cell cellular polymers has recently given rise to several concerns in the fire safety community [4, 5] . This 40 is however not a new problem, and many aspects have already been addressed by several authors and 41 institutions in the past [6] . Indeed, in order to identify the potential fire hazards to life safety from insulation 42 materials in buildings, numerous authors have extensively studied the fire performance of different types 43 of insulation under different approaches [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The biggest concern, represented as the flammability and 44 energy release, has classically been addressed using bench-scale experimentation [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , e.g. determining 45
the Limiting Oxygen Index (LOI) according to ASTM D2863 [27] and assessing ignition properties, heat 46 release and flame spread by using the Cone Calorimeter [28] or the LIFT apparatus [29] . During recent 47 The set-up of these experiments is detailed elsewhere [32] , the results of which are complementary to 156 those presented here. In the previous publication, the measurements were used to assess the critical 157 temperature and thermal inertia of several insulation materials for a performance-based methodology. 158
Temperature measurements were not taken for this experimental programme. The results presented in 159 following sections will rather focus on heat release rate, mass loss, heat of combustion and gas emissions. 160
These provide an assessment of the burning behaviour of these foams with no protective layer, thus a 161 characterisation of the material rather than the product. 162 2.3.
Set-up #2: Non-piloted experiments with the heat transferred by radiation 163
For these experiments, samples were wrapped with aluminium foil at the bottom and lateral sides, with 164 a 6 mm Nickel 200 block at the bottom, and altogether wrapped in two 3 mm thick layers of ceramic 165 insulation paper. The aluminium foil was mainly used to prevent air penetration in the sample from the 166 sides and only allow it from the top. From a heat transfer perspective, the foil is transparent for the 167 conducted heat due to its low thickness and high thermal diffusivity, thus acting as a thermally thin material. 168
The two layers of ceramic paper were used in order to reduce the thermal gradients on the surface of the 169 sample sides. It should be noted that an adiabatic boundary condition at the sides will always be unattainable 170 with this set-up since the conductivity of the ceramic paper is higher than the materials tested It should be noted that this set-up was used to provide relevant and reliable results that could facilitate 175 future modelling tasks. Thus, the characterisation of the boundary condition at the back face of the material 176 is achieved by using the 6 mm Nickel 200 plate at the bottom of the samples. This approach was described 177
by Carvel et al. [38] , who recommended the use of a heat sink for material characterisation purposes. 178 
180
As for the boundary condition at the exposed surface, several values of irradiation from the radiant 181 heater were used. The heat fluxes were selected in such a way that mapping of the different thermal 182 degradation processes was highlighted. The minimum heat flux for each material was defined as a thermal 183 exposure that did not trigger the onset of pyrolysis after reaching thermal equilibrium. Specific values of 184 external heat flux for each material are noted in Table 1 . 185
Experiments were performed at least twice in order to verify the repeatability of the results, and for 186 two different configurations, i.e. with no protective layer and with a non-coloured protective layer attached 187 to the exposed surface in order to explore different phenomena and thermal behaviour experienced by the 188 foams. 189
Measurements of temperature were taken within the sample by using 1.5 mm bead K-type 190 thermocouples. The temperature of the metallic plate at the back was also measured. Thermocouples were 191 installed at the centre of the section and every 2 mm in-depth and in parallel to the exposed surface with 192 the intention of reducing the error in the thermocouple measurement, which is a recommended procedure 193 for materials of particularly low conductivity [39, 40] . The first thermocouple was placed within a range of 194 2-3 mm from the surface. No temperature correction was considered by the heat losses introduced by the 195 thermocouple. Additionally, two thermocouples were inserted 30 mm horizontally off the second in-depth 196 thermocouple for some experiments. This procedure aimed to clarify whether the heat transfer through the 197 sample was behaving either one-dimensionally or two-dimensionally. The positioning of the thermocouples 198 is shown in Figure 2 . A summary of the conditions for all the performed experiments is presented in Table  199 1. 200
Gas species such as carbon dioxide, carbon monoxide and oxygen were measured at the apparatus 201 exhaust duct, which nominal volumetric flow corresponded to 24 l·s -1 . Mass loss was not measured for this 202 experimental programme, as the thermocouples would interfere with the measurements. 203 
where ̇( ) is the heat release rate (W), is the end time of the test (s), and is the total mass 220 loss during the test (g). The notation 'effective' relates to an average value obtained by the combustion of 221 the material. However, the combustion process for most of these foams is non-uniform, with transition from 222 flaming to smouldering, as will be shown in further sections. Then, if Eq. be noted that, whereas this is an arbitrary criterion, the objective is to compare this value to the effective 230 value considering the total time of the test. 231
Mass measurements from the samples are normalised with respect to the initial mass of the sample, 232 0 (g), as shown in Eq. (3) below: 233
where ̅ ( ) and ( ) are the normalised mass (-) and measured mass (g), respectively, at any time. As 234 discussed in further sections, the ceramic paper used to prepare the samples is expected to lose mass during 235 the test, thus including an overestimation of the mass loss. This error is estimated as a maximum of 5% of 236 the initial sample mass, which is assessed by running tests at high heat fluxes until almost all the sample is 237
consumed. 238
In order to assess the different thermal degradation processes with respect to temperature 239 measurements, the duration of the tests from experimental set-up #2 was selected in a way such that the 240 maximum thermal gradient could be compared to the residue of the sample. Therefore, samples were cut 241 through their centre-section after the end of the test, and the level of thermal degradation achieved at 242 different depths assessed by visual colourimetry. Additionally, the consistency of these results is correlated 243 with thermogravimetric experiments presented elsewhere [32, 36] . General observations
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The three types of PIR were found to behave similarly, with a very fast ignition for every external heat 252 flux larger than the critical. This was followed by a small flame which continued to be reduced until 253 12 intermittent flaming was only observed by the edges of the sample. Polyisocyanurate foam tended to expand 254 slightly at early stages of the heat exposure. After flaming, a black char layer remained which tended to 255 glow if the external heat flux was high. The char at the surface continued to get consumed by oxidation and 256 its thickness started to reduce at different rates depending on the incident radiant heat flux. Flaming at the 257 edges was sporadically observed. The remaining char from PIR was very soft and light. Discolouration of 258 the PIR samples was observed, changing from yellow to orange-brown and finally black colour during the 259 process of thermal degradation. This discolouration is discussed in further sections. It should be noted that 260 the similarity between results from the three types of PIR foams is extensively discussed in [36] . Therefore, 261 herein only main comparative results are presented, and a greater focus is put on PIRa. The reader is referred 262 to [36] for assessing the differences in behaviour for three different PIR foams. Normalised mass 272 Figure 4 shows the average curves of normalised mass from two repetitions for PIRa and PF without 273 protective layer at the surface of the samples. For simplicity in the visual assessment of the different 274 evolution of the tests, the mass data is presented as a normalised mass. The normalised mass here refers to 275 the ratio between the mass at any time and the initial mass of the sample before the start of test ( ( )/ 0 ). 276 Therefore, a normalised value of 1 indicates the initial state where the mass of the sample is equal to the 277 initial mass of the sample; a value of 0 indicates that the whole sample has been consumed. For high heat 278 fluxes, samples were tested until near complete consumption of the sample (5% of the mass). Tests at lower 279 heat fluxes (25 -45 kW.m -2 for PIR, 25 kW.m -2 for PF) were interrupted earlier, and the sample was 280 removed as no significant flaming was visible anymore. It should be noted that the sample holder materials 281 also experienced loss of mass; therefore, the normalised measurement includes a maximum error or 282 overestimation of up to a 5%. This explains why the curves presented in Figure 4 reach an absolute 283 normalised mass of 0 in some instances. Due to the unknown mass loss evolution of the sample holder, a 284 correction has not been applied as this would include further uncertainty in the data outputs. 285
The mass loss curves of PIR present a reducing slope throughout the tests, indicating that the pyrolysis 286 front was moving through thickness leaving a protective char, thus decreasing the rate of pyrolysis. 287
However, since smouldering was also experienced at the surface of the sample after charring, the change 288 of slope also includes this phenomenon. Phenolic foam mass loss curves are more linear than the ones 289 observed for PIR, while PF mass loss is also observed to be larger than PIR for the same heating conditions. 290
This behaviour is indicative of a more severe consumption of the char at the surface by oxidation 291 (smouldering) for PF. This is consistent with thermogravimetric experiments presented elsewhere [32] , 292 which indicated that while PIR presents its main pyrolysis (250-350 °C) and oxidation (500-650 °C) 293 domains in two different temperature regions, the PF main pyrolysis (400-500 °C) and oxidation (480-550 294 °C) slightly overlap in the same temperature region. 295 14 of HRRPUA. The burning behaviour of PIR and PF showed similar trends, with a large peak of HRRPUA 302 right after ignition, followed by a progressive decay, which is characteristic of charring materials. This is 303 generally expected for any PIR. Nevertheless, PF showed a decay of HRRPUA after the first peak, but an 304 increase for high heat fluxes, which reflects a faster consumption of the char layer. 305 306 308 Table 2 shows the calculated values for the effective heat of combustion for plastic foams PIRa, PIRb, 309
PIRc, and PF. In general, it is observed that the heat of combustion obtained for the pyrolysis gases 310 (flaming) is lower than the effective value obtained considering the total test time. 311 indicate the CO2 and CO concentrations, while those on the right indicate the ratio of generated CO2 versus 316 consumed O2, and the ratio of generated CO versus CO2. 317
For PIR and PF, the CO/CO2 ratio tended to increase greatly during the progress of the test, suggesting 318 a transition from flaming to smouldering combustion, with both phenomena occurring simultaneously 319 during some periods of the test. A ratio between 0.05 and 0.10 is observed during flaming combustion (time 320 before 200 s) for PIR, and between 0.025 and 0.05 for PF; these values are highlighted in Figure 6 and 321 Figure 7 , respectively, with a shading. It is difficult to establish a constant value since a steady-state is not 322 clearly observed. A clear transition from flaming to smouldering combustion cannot be identified as local 323 edge effects are present, thus allowing for flaming at the edges while smouldering occurs at the top surface. 324
The ratio CO/CO2 continues to increase as the pyrolysis rate and flaming combustion decrease. 325
With regard to the CO2/O2 ratio, a short steady-state was initially obtained for PIR, suggesting only 326 flaming combustion from PIR pyrolysates. This continued to decrease during the period of the test 327 indicating the transition to a different burning regime, probably with char being consumed by oxidation and 328 fewer pyrolysis gases being produced due to the spread of the pyrolysis front through thickness. Ratio: Generated CO2 -Consumed O2 Ratio: Generated CO -Generated CO2 higher temperatures for inner positions and with steady temperature at the surface is due to the back-357 boundary layer. The metallic plate, which acts as a heat sink, was slowly increasing in temperature because 358 the thermal wave had reached the sample back face and, consequently, heat was transferred to the plate. 359
The sample section in Figure 8a2 shows that no discolouration was produced in the foam and, consistently, 360 no release of volatiles was observed during the tests. 361 Ratio: Generated CO2 -Consumed O2
Ratio: Generated CO -Generated CO2
(a) (b) Figure 8b presents a case study where thermal degradation was observed at the surface of the sample. 362
Thermal gradients were significantly larger than those shown in Figure 8a1 , indicating the clear effect of 363 the protective layer on the thermal performance. Positions close to the surface achieved a quasi-steady 364 temperature after 5 min, with a maximum value of 323 °C ± 20 °C, while the temperature profile again 365 achieved a quasi-steady state after 20 min, with a minimal rate of temperature increase (<1 °C·min -1 ) for 366 inner positions. Three clear tonalities in the discolouration experienced by the sample can be observed in 367 the sample section in Figure 8b2 . The discolouration is non-uniform, with higher degradation for regions 368 near the centre-line than near the edge. This indicates that the heat transfer was not behaving perfectly in a 369 one-dimensional regime. Some cracking can be observed near the surface, where the discolouration is 370 darker. Additionally, the sample thickness increased by up to 10 mm. A significant release of volatiles was 371 observed after 3-4 min, but with no ignition during the experiment. Measurements of CO2 and CO did not 372 present noticeable concentrations compared to the initial baseline; therefore, these are not presented, which 373 confirms that no significant oxidation was produced. 374 
18
and likely different rate of surface oxidation. Significant differences were observed between the 386 performance of the samples with and without the protective layer, which are attributed to the effect that the 387 protective layer has on the radiation absorption due to its low emissivity, and the blocking of air from 388 contact with the surface, thus reducing or cancelling the surface oxidation for those conditions of heating 389 exposure. 390 Figure 9a presents a case study where small thermal degradation was observed. Positions close to the 391 surface achieved a quasi-steady temperature after 2.5-5 min, with a maximum value of 252 °C ± 5 °C, while 392 the temperature gradient achieved a quasi-steady state after 30 min, with a minimal rate of temperature 393 increase (<0. Additionally, it is shown that the smouldering was not self-sustained since the thermal gradient and CO 436 generation dropped significantly after the removal of the external heat source. This is due to the closed-cell 437 structure of the foam that does not allow the free circulation of oxygen through the sample, limiting the 438 oxidation to the top surface; therefore, the generation of heat is drastically reduced once the external heat 439 source is removed. 440 441 Figure 11 . Time-history of temperatures within the solid-phase and CO concentration (a) and generated CO 442 vs generated CO2 for PIRa with no protective layer at 25 kW·m -2 .
443
A more severe case study is presented in Figure 12 , corresponding to a PIRa sample tested at 35 kW·m -444 2 without protective layer. The sample auto-ignited after five seconds of heat exposure, introducing a 445 different regime that was not observed previously for this experimental series, but for the first series 446 studying heat release. Figure 12a shows the time-history of temperatures within the solid-phase and the 447 concentration of generated CO. The thermal evolution within the solid was similar to that presented in 448 Figure 11a , but with a faster heating rate. The generation of CO followed a different pattern due to flaming 449 combustion, which was confirmed by the CO2 concentration presented in Figure 11b 
455
The behaviour from PIRb and PIRc foams was similar to the one presented above. The upper edge of 456 the temperature envelopes for PIRa, PIRb, and PIRc at 35 kW·m -2 is presented in Figure 13 , with a section 457 of the sample after the test. The temperature values were interpolated for the interface between the three 458 main regions of discolouration (yellow, orange-brown and black). In general, the first interface was found 459 between 220°C and 260°C, while the second interface was identified between 460°C and 520°C. shows that some discolouration of a darker pink tonality was produced near the surface. Additionally, the 484 Figure 15b which 527 is equivalent. 528 Figure 15b shows a case study where severe thermal degradation was observed from early times in the 529 test (2.5 min). The temperature close to the surface achieved a maximum value of 592 °C ± 10 °C at 5 min. 530
No steady state was observed for the thermal gradient during the final time steps, with the temperature 531 increasing with a rate of 9-10°C·min -1 for inner positions. This rate was only observed for positions with a 532 temperature higher than 100 °C, indicating a clear endothermic effect at that temperature range. A high rate 533 of temperature increase, without achieving the steady-state, indicates the consumption of material at the 534 surface, thus moving the exposed boundary to lower positions. The thermal degradation experienced was 535 similar to that shown in Figure 15a . The surface of the material is presented in Figure 17c , showing crater 536 morphology on the edges and rough surface and random long cracks expanding from the centre to the edges. 537 Figure 15 . In-depth thermal profiles of PF at 25 kW·m -2 with (a1) and without protective layer (b1). Centre-section for the end of the tests (a2, b2).
540
Horizontal error bars: estimated error of ± 2 mm in thermocouple positioning.
541
Vertical error bars: standard deviation between two repeated tests.
542
Measurements of carbon monoxide are presented in Figure 16a with the time-history of temperature 543 measurements. The concentration of CO increased until 5 min, when it achieved a steady state at around 544 150 ppm. These measurements are indicative of smouldering combustion (surface oxidation), suggesting a 545 constant rate of oxidation. Similarly, the CO/CO2 ratio increased until 5 min as shown in Figure 16b , 546 remaining approximately constant at around 0.2. The concentration of CO2 remained very low in 547 comparison to the generation of CO2 presented for the flaming of PF in previous sections. Additionally, it 548 is shown that the smouldering was not self-sustained since the thermal gradient and CO generation dropped 549 significantly after removing the external heat source. This is due to the closed-cell structure of the foam 550 that does not allow the free circulation of oxygen through the sample. Additionally, a plateau of 551 temperatures was clearly observed below 100°C in Figure 16a, 
556
Images from the surface of the remaining residue for PF experiments without the protective layer at 557 10, 15 and 25 kW·m -2 are shown in Figure 17 . Different patterns indicate the significance of surface 558 oxidation. Figure 17a shows the occurrence of the delamination effect when the achieved temperatures are 559 not high enough to trigger the oxidation of the char created. Figure 17b shows that the oxidation at the 560 surface is not homogenous, indicating the high complexity of the oxidation mechanism, while Figure 17c  561 shows the case of a smouldering process with relatively constant rate of surface regression as shown in 562 
565
The upper edge of the temperature envelopes for different experiments are presented separately in 566 Figure 18 , together with a section of the sample after the test. Temperatures values were interpolated for 567 the interface between the three main regions of discolouration (light pink, dark pink, orange-brown and 568 black). In general, the first interface, which was observed as a plateau of temperature in Figure 18a , was 569 around 100 °C, near the change of slope in the thermal gradient. The second interface was identified 570 between 125 °C and 160 °C, which agrees with the temperature before the first peak of pyrolysis observed 571 in differential thermogravimetric (DTG) analyses under nitrogen atmospheres in [32, 36] . The third 572 interface was identified between 250 °C and 300 °C, which agrees with the temperature between the first 573 and second peak of pyrolysis observed in DTG analyses under nitrogen atmospheres. Maximum 574 temperatures measured in the solid-phase and shown Figure 18 were between 600 °C and 700 °C, while 575 TGA analyses under air atmospheres showed that all mass consumption ends below 600°C in an air 576
atmosphere. This indicates that the diffusion of oxygen probably dominates the combustion of char at the 577 surface. 578 
Summary 583
This paper has presented the results from two experimental programmes based on ad-hoc Cone 584
Calorimeter tests. This work aimed to investigate the fire performance of charring closed-cell polymeric 585 insulation materials, specifically polyisocyanurate (PIR) and phenolic foam (PF), so that a comprehensive 586 protocol can be set for assessing the evolution of hazard imposed by the material. The first experimental 587 programme macroscopically analysed the fire performance of these foams by studying heat release rate, 588 mass loss and gas species. The second programme mapped the thermal degradation processes in relation to 589 temperature measurements within the solid-phase, correlating the evolution of the thermal profile 590 experienced by the material to previous results obtained by thermogravimetry. 591
The first series of experiments was based on 100 mm thick samples tested using the Cone Calorimeter 592 (with spark igniter) and reproducing levels of irradiation from the critical heat flux up to 65 kW·m -2 . 593
Calorimetry calculations for PIR and PF samples showed the typical shape obtained from charring 594 materials. A peak of heat release rate per unit area (HRRPUA) between 120-170 kW·m -2 was observed for 595 
